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SPARSE CHANNEL ESTIMATION FOR
ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXED SIGNALS

RELATED APPLICATION(S)

This application 1s a continuation of U.S. application Ser.
No. 09/852,376 filed on May 10, 2001 now U.S. Pat. No.
7,230,911, which 1s incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates generally to communication systems
and, more particularly, to techmques and structures for per-
forming channel estimation 1n such systems.

BACKGROUND OF THE INVENTION

After a communication signal has traveled through a com-
munication channel, equalization 1s often performed on the
received signal to remove channel effects from the signal.
One of the channel effects that often needs to be removed 1s
intersymbol interference (ISI). In a wireless communication
system, ISI 1s typically present 1n the form of multipath inter-
terence. That 1s, a transmit signal travels through the wireless
channel via multiple different paths that each have a different
channel delay. For example, one signal component may travel
in a direct path from the transmaitter to the recerver while one
or more other signal components are retlected from objects 1n
the surrounding environment toward the receiver. As can be
appreciated, the signal component that travels directly to the
receiver will typically be the first to arrive at the recerver and
have the largest amplitude. The reflected components will
typically arrive at the recerver sometime later and have
smaller amplitudes. Although smaller in amplitude, the
reflected signals can interfere with the direct signal making it
more difficult to accurately detect the data therein. Equaliza-
tion 1s thus used 1n the receiver to reduce or eliminate the
negative channel effects from the received signal to improve
the likelihood of accurate detection.

In most equalization techniques, an estimate of the present
channel response 1s first determined. The channel estimate 1s
then used to process the received signal to remove the nega-
tive channel effects. The channel estimation process 1s often a
computationally complex and time consuming process. That
1s, performance of such processes will often consume a large
percentage of system resources and may ntroduce undesir-
able delays 1n the recerver processing. As can be appreciated,
it 1s generally desirable to reduce computational complexity
and processing delays within a communication system. This
1s especially true within handheld and portable communica-
tion units that have limited processing capabilities and a
limited supply of power (e.g., batteries). Therefore, there 1s a
need for channel estimation techniques and structures that are

computationally efficient while still providing accurate esti-
mates.

-

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram illustrating a conventional
orthogonal frequency division multiplexing (OFDM) trans-
mitter:

FIG. 2 1s a signal diagram 1llustrating an OFDM symbol
stream that may be transmitted from the transmitter of FIG. 1;

FIG. 3 1s a diagram illustrating a conventional OFDM
recelver:;
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2

FIG. 4 1s a diagram that 1s representative of the frequency
spectrum of a typical OFDM symbol;

FIG. 5 1s a block diagram illustrating an OFDM equaliza-
tion subsystem 1n accordance with one embodiment of the
present invention;

FIG. 6 1s a diagram 1llustrating the selection of pilot sym-
bols from an OFDM symbol based on a plurality of subcar-
riers of interest in accordance with one embodiment of the
present invention; and

FIG. 7 1s a flowchart 1llustrating a method for performing
channel estimation and equalization 1n an OFDM communi-
cation system 1n accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings that show, by way of illustration,
specific embodiments in which the invention may be prac-
ticed. These embodiments are described 1n suificient detail to
enable those skilled 1n the art to practice the invention. It is to
be understood that the various embodiments of the invention,
although different, are not necessarily mutually exclusive.
For example, a particular feature, structure, or characteristic
described herein in connection with one embodiment may be
implemented within other embodiments without departing
from the spirit and scope of the invention. In addition, it 1s to
be understood that the location or arrangement of individual
clements within each disclosed embodiment may be modified
without departing from the spirit and scope of the invention.
The following detailed description 1s, therefore, not to be
taken 1n a limiting sense, and the scope of the present inven-
tion 1s defined only by the appended claims, appropnately
interpreted, along with the full range of equivalents to which
the claims are entitled. In the drawings, like numerals refer to
the same or similar functionality throughout the several
VIEWS.

The present invention relates to computationally efficient
techniques and structures for providing channel estimation
within a communication system implementing orthogonal
frequency division multiplexing (OFDM). The techniques
and structures are most useful when only a subset of the
subcarriers within each OFDM symbol are of interest. In a
system using subcarrier division multiplexing, for example,
where subsets of the data subcarriers are assigned to users on
a dynamic basis, a communication device associated with a
particular user will only be interested in the subcarriers
assigned to that user. In one approach, mterpolation vectors
are first obtained for each of the subcarriers of interest. A dot
product 1s then calculated between each of the interpolation
vectors and a pilot vector extracted from a received OFDM
symbol. Each dot product results in an equalization coelli-
cient for a corresponding subcarrier of interest. The equaliza-
tion coellicients are then used to modily the subcarriers of
interest within the recerved OFDM symbol to reduce or
remove undesirable channel effects (e.g., frequency selective
fading) from the symbol. In one approach, only a subset of the
pilot symbols within each OFDM symbol are used to form the
pilot vector. The inventive principles are particularly well
suited for software implementation (e.g., soft-PHY architec-
tures ), although hardware and hybrid software/hardware real-
1zations can also be provided.

Orthogonal frequency division multiplexing (OFDM) 1s a
multi-carrier transmission technique that uses a plurality of
orthogonal subcarriers to transmit immformation within an
available spectrum. Because the subcarriers are orthogonal to
one another, they can be spaced much more closely together
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within the available spectrum than, for example, the indi-
vidual channels 1n a conventional frequency division multi-
plexing (FDM) system. That 1s, the orthogonality of the sub-
carriers prevents inter-subcarrier interference within the
system. In a typical OFDM system, orthogonality 1s achieved
by using subcarriers that each have a spectrum with a null at
the center frequency of each of the other subcarriers. Before
transmission, each of the subcarriers 1s modulated with a low

rate data stream. Thus, the transmitted symbol rate of the
OFDM system 1s low and the transmitted OFDM signal 1s
highly tolerant to multipath delay spread within the channel.
For this reason, many modern digital communication systems
are turming to OFDM as a modulation scheme for signals that
need to survive 1in environments having multipath reflections
and/or strong interference. Many wireless communication
standards have already adopted OFDM including, for
example IEEE Standard 802.11a, the digital video broadcast-
ing T standard (DVB-T), and the high performance radio
local area network standard (HiperLAN). In addition, several
industry consortia, including the Broadband Wireless Inter-
net Forum and the OFDM Forum, are proposing OFDM for
fixed wireless access systems.

Before a description of the inventive principles 1s under-
taken, a discussion of the basic operating characteristics of a
conventional OFDM communication system 1s presented. It
should be appreciated, however, that the inventive principles
can be implemented 1n any communication system utilizing
OFDM techniques and are not limited to use within systems
or devices having the specific architectures described below.

FIG. 1 1s a block diagram illustrating a conventional
OFDM transmitter 10. In a typical scenario, the transmitter 10
will be part of a transceiver unit that 1s capable of supporting,
duplex communication within a wireless communication sys-
tem. As illustrated, the transmitter 10 includes: a modulator
12, an 1inverse fast Fourier transtorm (IFFT) unit 14, a parallel
to serial converter 16, a cyclic extension unit 18, a radio
frequency (RF) transmit unit 20, and an antenna 22. The
modulator 12 recerves a plurality of symbols (S,, S,,
S,,...,3, ;) thatneed to be transmitted by the transmatter 10.
The modulator 12 uses each of the input symbols to modulate
a corresponding subcarrier of the OFDM system to generate
a symbol modulated subcarrier (€.2., Sqcr Sicrs Soces « -+
S v-1)s¢) atanoutput thereotf. As described above, each ot the
subcarriers of the OFDM system 1s orthogonal to each of the
other subcarriers to keep inter-subcarrier interference to a
mimmum. The modulator 12 can use any of a variety of
modulation types to modulate the subcarriers (e.g., binary
phase shift keying (BPSK), quadrature phase shift keying
(QPSK), quadrature amplitude modulation (QAM), differen-
tially coded star QAM (DSQAM), and others). In addition,
the modulator 12 can use a different modulation type for each
individual symbol or for different groups of symbols 1f
desired.

The mnput symbols (S,, S,, S,, S, ;) are used to generate a
single OFDM symbol to be transmitted by the transmatter 10.
The symbol modulated subcarriers (Spcr S;crs Soces - - - s
Sv_1yse) form a frequency domain representation of the
OFDM symbol. " modulated subcarriers are

The symbol
applied to the mnputs of the IFFT 14 to generate a time domain
representation of the OFDM symbol. As shown, the time
domain representation of the OFDM symbol consists of a
plurality of time domain samples (55, S;, S5, - - - 5 Sar_; ). ANy
form of inverse discrete Fourier transform (IDFT) can be used
to perform the inverse transtform operation. The IFFT 1s pre-
terred, however, because it 1s the most computationally etfi-
cient method available. As 1s well known, the number of time
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4

domain samples generated by the IFFT 14 1s equal to the
number of frequency components input thereto (1.e., N).

The samples output by the IFFT 14 are applied to the
parallel to serial converter 16 which generates a sample
stream representing the OFDM symbol. This serial OFDM
symbol 1s transierred to the cyclic extension unit 18 which
adds a cyclic extension (or guard interval) to the OFDM
symbol. The cyclic extension 1s added to the OFDM symbol
to prevent the occurrence of inter-symbol interference 1n the
channel that can be caused by the channel’s memory (i.e.,
multipath retlections). The cyclic extension usually consists
of a plurality of samples (e.g., N samples) that are copied
from the end of the serial OFDM symbol and placed at the
beginning of the symbol. The number of samples will typi-
cally depend upon the memory of the channel. It 1s typically
desirable to use a cyclic extension having a length that 1s no
more than 10% of the length of the OFDM symbol to maintain
eificient (e.g., low overhead) operation. The cyclic extension
unit 18 outputs each OFDM symbol and 1ts corresponding
cyclic extension 1n a continuous stream to the RF transmut
unit 20. FIG. 2 1s a diagram 1llustrating the stream output by
the cyclic extension unit 18 in a typical application. The RF
transmait unit 20 1s operative for converting the OFDM symbol
stream 1nto a radio frequency signal for transmission 1nto the
wireless channel. To perform this function, the RF transmit
umt 20 may include, for example, a digital to analog con-
verter, a frequency conversion unit (€.g., an up converter), a
power amplifier, and/or any other equipment required to gen-
erate an RF transmit signal. The output of the RF transmit unit
20 1s delivered to the antenna 22 which transmits a radio
frequency communication signal 24 into the channel. It
should be appreciated that other processing functionality,
such as error coding circuitry, may also be included within the
OFDM transmutter 10.

FIG. 3 1s a block diagram illustrating a conventional
OFDM recewver 28. Like the transmitter 10 of FIG. 1, the
receiver 28 will typically be part of a transcerver unit that 1s
capable of supporting duplex communications within a wire-
less communication system. As illustrated, the receirver 28
includes: an antenna 30, an RF receive umt 32, a synchroni-
zation unit 34, a serial to parallel converter 36, an FF'T unit 38,
and a demodulation unit 40. The antenna 30 receives an RF
communication signal 24 from the channel. The RF recerve
umt 32 converts the received RF signal to a format required
for subsequent processing. The RF recerve unit 32 may
include, for example, a low noise amplifier, one or more
frequency conversion units (€.g., a down converter), an ana-
log to digital converter, and/or any other functionality
required to achieve the desired signal format. The RF receive
unmit 32 transiers the received signal to the synchromization
unit 34 which synchronizes the signal 1n a manner that allows
the individual OFDM symbols within the signal to be recog-
nized and the cyclic extensions to be discarded. The OFDM
symbols are delivered one after the other to the serial to
parallel converter 36 which converts each symbol 1nto a par-
allel group of time domain samples (r,, r,,t,, ..., ). The
samples are iput into the FFT unit 38 which generates a
plurality of frequency domain symbol modulated subcarriers
Roses Rises Roses - - 5 Ravi1yse)- The symbol modulated
subcarriers are then demodulated by the demodulator 40 to
produce a plurality of symbols (R, R,, R,, ..., Ry ;).

The impulse response of the wireless channel (1.e., the
channel impulse response or CIR) 1s typically assumed to be
time-1nvariant for the duration of one OFDM symbol. Thus,
the time domain convolution of the transmitted time domain
signal with the CIR 1s equivalent to the multiplication of the
spectrum of the transmitted signal with the frequency domain
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transfer function H(f) of the channel (which 1s simply the
Fourier transform of the CIR). Each of the frequency domain
symbol modulated subcarriers (Rycrs Ricrs Roor o 0 0
R n_1ys¢) that are recerved by the recerver 28, theretore, 1s the
product of a corresponding symbol modulated subcarrier
(Soser Sises Sases + - s Svi1yse) 0f the transmitter 10 and an
associated coellicient of the frequency domain transier func-
tion H(1) of the channel, plus some additive channel noise
(e.g., additive white Gaussian noise). This can be expressed in
equation form as follows:

RHSC:SHSC—HH +Hn

where R . - 1s the nth symbol-modulated subcarrier received
in the recerver, S, .~ 1s the nth symbol-modulated subcarrier
transmitted by the transmitter, H  1s the frequency domain
channel transfer function coetlicient corresponding to the nth
subcarrier, and n, 1s a white Gaussian noise sample corre-
sponding to the nth subcarrier. As coherent detection 1s
assumed for the system, the recerved data symbols R .~ need
to be de-faded 1n the frequency domain. Thus, an estimate of
the frequency domain transier function H(1) of the channel
needs to be made.

In a typical approach, the channel transfer function 1s esti-
mated using pilot symbols that are included within the OFDM
symbols transmitted by the transmitter 10. The pilot symbols
are usually located at fixed frequency intervals within the
OFDM symbols. FIG. 4 1s a diagram 1llustrating the fre-
quency spectrum of an OFDM symbol 42 having a plurality
of subcarriers. As shown, every fourth subcarrier within the
OFDM symbol 42 includes a pilot symbol 44 that can be used
for channel estimation. The other subcarriers within the
OFDM symbol 42 are used to carry user data symbols through
the channel. The spacing of the pilot symbols 44 within a
particular OFDM symbol will typically depend upon the spe-
cific system being implemented. Similarly, the overall num-
ber of subcarriers within each OFDM symbol will also be
system specific. The location and content of the pilot symbols
within the transmitted OFDM symbol will typically be
known within the receiver.

When an OFDM symbol is recerved by the recerver 28, the
pilot symbols are extracted from the receirved signal. The
extracted pilot symbols include information about the fre-
quency domain transier function of the channel (e.g., coelli-
cients) at the frequencies of the pilot carrying subcarriers. To
obtain information about the frequency domain transter func-
tion of the channel at the frequencies of the data carrying
subcarriers, interpolation techniques are often used. In the
simplest approach, linear interpolation 1s performed from
pilot to pilot. This method provides reasonable performance
as long as the mverse of the realized delay spread does not
approach the pilot spacing. Often, however, the linear
approach falls short of the performance levels required 1n
modern communication systems.

In an “optimal” interpolation method, zero-padded FFT's
(or DFTs) are used to fill in the missing transfer function
coellicients. This method will typically result in the most
accurate channel estimate available, but 1t 1s very computa-
tionally complex. For example, 1n a typical procedure, the
pilots from a received OFDM symbol are input to an FFT to
generate an array of values at an output of the FFT. The
number of values within the array output by the FF'T 1s equal
to the number of pilots input to the FFT (1.e., M). A plurality
of zeros 1s then added to the array of values to increase the
total number of values to the number of subcarriers within the
OFDM symbol (1.e., from M to N). This process 1s known as

zero-padding. An imnverse N—point FFT 1s then performed on
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the zero-padded array to achieve interpolated channel transier
function coelficients for all of the subcarriers. These coetli-
cients can then be used to perform channel equalization for
the data carrying subcarriers within the received OFDM sym-
bol on a subcarrier by subcarrier basis (e.g., by simple divi-
s1011).

In conceiving the present invention, 1t was appreciated that
many situations exist where only a subset of the subcarriers
within a particular OFDM symbol are of interest. For
example, in an OFDM system where orthogonal frequency
division multiple access (OFDMA) 1s being utilized, 1ndi-
vidual users are each assigned subsets of the subcarriers on a
dynamic basis. Thus, the communication equipment associ-
ated with a particular user (e.g., a handheld communicator)
will only be concerned with the corresponding subcarriers
assigned to that user and not the entire subcarrier array. In a
similar example, a basestation 1n an OFDM system 1mple-
menting OFDMA will typically recerve OFDM signals from
multiple user terminals concurrently. The base station must
then estimate the channel associated with each user terminal
separately. Each channel estimation, therefore, 1s only con-
cerned with the subcarriers of interest for the corresponding
user terminal. Other situations also exist where only a subset
of the subcarrier array 1s of interest. In these situations, 1t will
often be inetficient to perform the computationally complex
optimal interpolation technique described above to determine
equalization coetlicients for the subcarriers of interest. There-
fore, 1n accordance with the present invention, techniques are
presented that are capable of providing a significant reduction
in the computational complexity associated with channel esti-
mation (1.e., with respect to the optimal interpolation
approach) when only a subset of subcarriers within an OFDM
symbol are of interest. The techniques of the present inven-
tion will typically provide a performance level between that
of the linear interpolation method and the optimal interpola-
tion method (often closer to the optimal method).

The reduced complexity channel estimation techniques of
the present invention are derived from the optimal interpola-
tion approach described above. In the optimal approach, a
pilot vector having a length M (extracted from a receirved
OFDM symbol) 1s transformed 1nto a vector of length N using
zero padded FFTs (or DFTs). An M- point FFT 1s first per-

formed on the pilot vector x, as follows:

where X -are the frequency domain coetlicients output by the
FFT, M 1s the number of pilots 1n the pilot vector, n 1s the time
index, and 1 i1s the frequency index. The resulting group of
coefticients X, 1s then zero-padded to length N (i.e., total
number of subcarriers within the OFDM symbol) with the
zeros 1nserted in the high frequency (center) terms. An
N-point mverse FFT (or DFT) 1s then performed on the
zero-padded array to generate a plurality of interpolated
equalization coeftlicients x 'that can be described as follows:

N-1

Z X Nent pl2r N
f=N-(M/2)

=y Xpee PPNy
F=0

The subscript of X has been modified 1n the second summa-
tion of this equation to conform to the original, non-zero
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padded indicies described above. Substituting the second
equation into the first and expanding the result yields:

S

X =

E}.D_an_ﬂ_j.{} + pI2rkIN _ZXH_E—jZanM _I_EﬂjrkZ;‘N_an_E—ﬂﬂanM +
H H H
4 pf2r(M2)-1)k/N Z X, - @ JZn(M/2-1IM

H

pI2RN—(M[2)) Z x, - @ JYIN—(M{2=N+M)M |

H

4 pd2m(N=1k/N 'Zx” Lo B2rnlM =1}/ M

H

where the index k has been introduced to distinguish the
indicies of X' from the indicies of x. It was determined by
rearranging the terms of this equation (to combine x ) that
cach element of x' 1s stmply the dot product of x (the pilot
vector) with an interpolation vector I having length M. For
arbitrary k and N, the interpolation vector I can be calculated
as follows:

M-1 N—1
I = Z pI2TEk/N) =1/ M) | Z P27k N Y= (=N =M }n/M))
i= i=N—(M/2)

In accordance with one aspect of the present invention, a
plurality of interpolation vectors are predetermined (using the
above equation or some variant thereol) and stored within a
communication device. When an OFDM symbol 1s recerved
by the communication device, a pilot vector 1s extracted from
the OFDM symbol. Interpolation vectors are then retrieved
for each subcarrier of interest within the communication
device and a dot product 1s calculated between the pilot vector
and each of the retrieved interpolation vectors. Each dot prod-
uct results 1n an equalization coelficient for a corresponding
subcarrier of mterest. This basic approach will be referred to
herein as the vector interpolation method (VIM). The equal-
1zation coellicients resulting from the dot products are then
used to equalize the associated subcarrier signals within the
OFDM symbol (e.g., by division). As long as the subcarriers
of interest remain unchanged, the same interpolation vectors
can be used to process each OFDM symbol recerved from the
channel.

The VIM offers a computational flexibility that was not
previously available using the optimal interpolation
approach. For example, the VIM allows flexibility in block
s1ize (1.e., the number of subcarriers computed) and pilot
vector size that was not previously available. Using the VIM,
an OFDM communication system can be implemented that
allows the number of subcarriers assigned to each user to be
dynamically varied during system operation. Similarly, an
OFDM system can be provided that allows the total number
ol subcarriers and/or pilot symbols within each OFDM sym-
bol to be dynamically varied. Theoretically, the optimal inter-
polation method can be performed with only a subset of the
pilot symbols within an OFDM symbol to reduce computa-
tional complexity. However, to dynamically vary the size of
the pilot vector used to perform optimal interpolation during,
system operation, block processing elements (e.g., FFTs)
would have to be available for each expected vector size. As
dedicated hardware 1s typically used to perform the FFTs
using the optimal approach, this could easily become cost
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prohibitive. For this reason, systems implementing the opti-
mal approach typically employ the entire array of pilots to
perform the mterpolation. For a given number of pilots used,
the optimal method and the VIM will provide 1dentical per-
formance. However, when the number of subcarriers to be
interpolated 1s a subset of those traversed by the pilot tones
used 1n the channel estimation, a sigmificant computation
benellt 1s achieved by using the VIM. Thus, the VIM allows
channel estimation to be performed only 1n the region of the
subcarriers ol interest in a relatively simple and dynamic
tashion, usually with a reduced computational requirement.
In addition, the VIM 1s particularly well suited for implemen-
tation within a soit-PHY architecture.

FIG. 5 1s a block diagram illustrating an OFDM equaliza-
tion subsystem 50 in accordance with one embodiment of the
present invention. The subsystem S0 will typically be imple-
mented as part of a wireless recerver (e.g., recerver 28 of FIG.
3) 1n an OFDM communication system. In a multi-user bas-
estation scenario, a separate equalization subsystem 50 can be
provided for each user currently commumcating with the
basestation. It should be appreciated that the individual
blocks within the block diagram do not necessarily corre-
spond to discrete hardware structures. For example, one or
more of the blocks (or all of the blocks) may be implemented
in software within a digital processing device.

As 1llustrated, the equalization subsystem 350 includes: a
subcarrier tracking unit 52, a pilot vector unit 54, an interpo-
lation vector retrieval unit 56, a computation umt 58, an
equalizer 60, and a memory 62. The subcarrier tracking unit
52 tracks the current subcarriers of interest for the subsystem
50. The pilot vector unit 54 extracts anumber of pilot symbols
from a recently received OFDM symbol 64 to form a pilot
vector. The 1nterpolation vector retrieval unit 36 retrieves a
plurality of interpolation vectors corresponding to the subcar-
riers of interest 1identified by the subcarrier tracking unit 52
from the memory 62. As will be described in greater detail,
the iterpolation vector retrieval unit 56 may use information
about the pilot symbols within the pilot vector to determine
which interpolation vectors to retrieve. The computation unit
58 uses the pilot vector from the pilot vector unit 54 and the
interpolation vectors from the interpolation vector retrieval
unit 36 to generate a plurality of equalization coellicients for
delivery to the equalizer 60. The equalizer 60 then uses the
equalization coefficients generated by the computation unit
58 to equalize each of the subcarriers of interest within the
corresponding OFDM symbol 64. This procedure 1s repeated
for each OFDM symbol recerved.

As described above, the subcarrier tracking unit 52 1is
operative for tracking the subcarriers of interest within the
equalization subsystem 50. To do this, the subcarrier tracking
unit 52 will typically need to determine which subcarriers are
presently assigned to a user associated with the subsystem 50.
In a basestation that 1s servicing multiple users within the
OFDM system, a separate equalization subsystem 50 may be
provided for each currently connected user. The subcarrier
tracking unit 52 within each subsystem 50 would thus track
the subcarriers assigned to the corresponding user. The sub-
carrier tracking unit 52 will output an indication of the present
subcarriers of interest to the interpolation vector retrieval unit
56 and possibly the pilot vector unit 54. In at least one
approach, the number and location of the subcarriers of inter-
est associated with a particular user can change with time. The
subcarriers of interest associated with a particular user are not
necessarily adjacent to one another within the OFDM sym-
bol.

In one embodiment of the present invention, the pilot vec-
tor generated by the pilot vector unit 54 includes all of the
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pilot symbols from the present OFDM symbol 64. In a pre-
terred approach, however, the pilot vector unit 34 includes
selection functionality for dynamically selecting a subset of
pilot symbols within the OFDM symbol 64 to be used to form
the pilot vector (1.e., to perform the interpolation). By using a
subset of pilot symbols, computational complexity can be
reduced considerably. However, as discussed previously, a
reduction 1n equalization performance will usually be expe-
rienced. In this regard, a tradeoil can be made between per-
formance and computational efliciency. The subset of pilot
symbols that 1s used within the vector interpolation calcula-
tions should envelope all of the subcarriers of interest being,
processed. For example, with reference to FIG. 6, 11 subcar-
riers 66, 68, 70, 72, and 74 are presently of interest, then at
least pilot symbols A, B, C, and D should be used 1n the
interpolation. The pilot vector unit 34 can determine which of
the pilot symbols to use for a particular set of subcarriers of
interest based on the interpolation vectors that are known to
be available within the memory 62.

The memory 62 will include a plurality of interpolation
vectors for use during the channel estimation process. The
interpolation vectors can all have the same length or a plural-
ity of different length interpolation vectors can be provided.
The interpolation vectors will typically be calculated a priori
using the mterpolation vector equation described above or a
similar equation. In a system where the number and arrange-
ment of the subcarriers of iterest can vary, the length of the
corresponding pilot vectors may also vary. In this scenario,
interpolation vectors can be stored in the memory 62 for each
subcarrier within each possible pilot vector arrangement. The
interpolation vector retrieval unit 56 retrieves the appropriate
interpolation vectors from the memory 62 based on the sub-
carriers 1dentified by the subcarner tracking unit 52. It the
pilot vector unit 54 dynamically selects pilot symbols for the
pilot vector, the interpolation vector retrieval unit 56 will also
use information about the present pilot vector to retrieve the
appropriate interpolation vectors. As described previously,
the retrieved interpolation vectors will each have the same
length as the pilot vector assembled by the pilot vector unit
54. In a preferred approach, the computation unit 38 calcu-
lates a separate dot product between the pilot vector and each
ol the retrieved interpolation vectors. The result of each dot
product 1s the equalization coelficient for the corresponding
subcarrier of interest. The equalizer 60 equalizes the subcar-
riers of interest within the present OFDM symbol 64 by
dividing each subcarrier by the corresponding equalization
coellicient. The equalized data symbols are then output for
turther processing.

FI1G. 7 1s a flowchart illustrating a method for performing
channel estimation and equalization in an OFDM communi-
cation system 1n accordance with one embodiment of the
present invention. A plurality of subcarriers of interest are
firstidentified (block 70). A pilot vector 1s then extracted from
a recetved OFDM symbol (block 72). The pilot vector can
include all of the pilot symbols from the OFDM symbol or a
subset thereof. In at least one embodiment, pilot symbols are
chosen for the pilot vector based on the quantity and location
of the subcarriers of interest. An interpolation vector is
obtained for each of the i1dentified subcarriers of interest
(block 74). In a pretferred approach, the interpolation vectors
are retrieved from a memory within the corresponding com-
munication unit. However, other methods for obtaining the
interpolation vectors can also be used. A dot product 1s next
calculated between the pilot vector and each of the iterpo-
lation vectors (block 76). Each dot product results 1n an equal-
1zation coellicient for a corresponding subcarrier of interest.
Each equalization coetlicient 1s then applied to a correspond-
ing subcarrier within the received OFDM symbol (block 78).
This process 1s repeated for each OFDM symbol received.
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It should be appreciated that the principles of the present
invention can be beneficially implemented 1n any recerver
unit used within an OFDM-based communication system.
The recerver unit can be located, for example, within a multi-
user basestation, a single user handheld communicator, a
satellite uplink, downlink, or crosslink transceiver, a trans-
ceiver supporting a terrestrial wireless link, mobile transceiv-
ers within ad hoc networks, and 1n a wide variety of other
communication device types. The inventive principles have
application 1n both wireless and wired systems, although
wireless systems will typically derive the greatest benefit.

Although the present invention has been described 1n con-
junction with certain embodiments, i1t 1s to be understood that
modifications and variations may be resorted to without
departing from the spirit and scope of the invention as those
skilled 1n the art readily understand. Such modifications and
variations are considered to be within the purview and scope
of the invention and the appended claims.

What 1s claimed 1s:
1. A method comprising;:

recerving an OFDM symbol using a communication
device, wherein the OFDM symbol includes a plurality
of data subcarriers and a plurality of pilot symbols;

assigning a subset of the data subcarriers to a user terminal
on a dynamic basis, wherein those data subcarriers
assigned to user terminals are subcarriers of interest;

extracting a pilot vector from the OFDM symbol using a
subset of the pilot symbols;

identifying subcarriers of interest in the OFDM symbol;

retrieving a stored interpolation vector for each subcarrier
of interest;

generating an equalization coellicient for each subcarrier
of interest by calculating a dot product between the pilot
vector and each of the retrieved interpolation vectors;
and

moditying the subcarriers of interest within the recerved
OFDM symbol using the equalization coelficients.

2. The method of claim 1, further comprising dynamically
varying the number of data subcarriers assigned to the user
terminal during operation of the communication device.

3. The method of claim 2, also further comprising dynami-

cally varying the number of subcarriers 1n each of a plurality
of OFDM symbols,

wherein recerving an OFDM symbol includes receiving the
plurality of OFDM symbols, and

wherein 1dentitying subcarriers of interest in the OFDM
symbols includes 1dentifying a varying number of data
subcarriers assigned to the user terminal.

4. The method of claim 1, also further comprising dynami-
cally varying the number of pilot symbols 1n each OFDM

symbol.

5. The method of claim 1, wherein retrieving a stored
interpolation vector for each subcarrier of interest also
includes:

predetermining an interpolation vector for each subcarrier
of interest; and

storing the mterpolation vector 1n a memory of the com-
munication device.

6. The method of claim 5, wherein predetermining the
interpolation vector includes calculating the interpolation

vector I according to

M-1 N-1
[ = Z P 2Tik/NY-—nIM)) Z pI2TERIN~(i=N —M /M)
i=0 I=N—-(M/2)

where M 1s the length of the interpolation vector, N 1s the
number of subcarriers in the OFDM symbol.
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7. A communication device, for use in a communication
system 1mplementing orthogonal frequency division multi-
plexing (OFDM), comprising:

a recerver subsystem configured to recerve an OFDM sym-
bol from a communication channel, wherein the OFDM
symbol includes a plurality of data subcarriers, and

an equalization subsystem including;:

a pilot vector unit configured to extract a pilot vector
from the OFDM symbol;

a subcarrier tracking unit configured to track subcarriers
of interest, wherein subcarriers of interest are those
data subcarriers assigned to user terminals on a
dynamic basis;

an 1nterpolation vector retrieval unit configured to
retrieve an interpolation vector stored in a memory for
each subcarrier of interest; and

a computation unit configured to generate an equaliza-
tion coellicient for each subcarrier of interest by cal-
culating a dot product between the pilot vector and
cach retrieved interpolation vector and to modily the
subcarriers of interest within the received OFDM
symbol using the equalization coelficients.

8. The communication device of claim 7, wherein the com-
putation unit 1s configured to equalize a subcarrier of interest
using an equalization coelficient to determine a channel esti-
mate.

9. The communication device of claim 7, wherein the com-
putation unit 1s configured to divide a subcarrier of interest by
an equalization coelficient to remove undesired channel

elfects from the OFDM symbol.

10. The communication device of claim 7, wherein the
computation unit includes a soit-PHY architecture processor
to calculate the dot product of the pilot vector and an inter-
polation vector.

11. The communication device of claim 7, wherein the
subcarrier tracking unit 1s configured to track a varying num-
ber of data subcarriers assigned to a user terminal.

12. The communication device of claim 7, wherein the
pilot vector unit 1s configured to extract pilot vectors from a
plurality of OFDM symbols having a varying number of pilot
symbols.
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13. The communication device of claim 7, wherein the
subcarrier tracking unit 1s configured to track a varying num-
ber of subcarriers of interest 1n each of a plurality OFDM
symbols.

14. The communication device of claim 7, also including a
memory to store a predetermined interpolation vector for
cach subcarrier of interest.

15. A radio frequency (RF) transcetver comprising:

a receiver subsystem configured to receive an orthogonal

frequency division multiplexing (OFDM) symbol from
a communication channel, wherein the OFDM symbol
includes a plurality of data subcarriers; and

an equalization subsystem including:

a pilot vector unit configured to extract a pilot vector
from the OFDM symbol;

a subcarrier tracking unit configured to track subcarriers
ol interest, wherein a subset of the plurality of data
subcarriers are dynamically assigned to a user termi-
nal, and wherein the subcarriers of interest are those
data subcarriers assigned to user terminals;

a flash memory to store a predetermined interpolation
vector for each subcarrier of interest;

an 1nterpolation vector retrieval unit configured to
retrieve a interpolation vector for each subcarrier of
interest from the flash memory; and

a computation unit configured to generate an equaliza-
tion coelficient for each subcarrier of interest by cal-
culating a dot product between the pilot vector and
cach of the retrieved interpolation vectors and modify
the subcarriers of interest within the recerved OFDM
symbol using the equalization coefficients.

16. The radio frequency (RF) transceiver of claim 185,
wherein the subcarrier tracking unit 1s configured to track a
varying number ol data subcarriers assigned to a user termi-
nal, wherein the data subcarriers assigned to a user are non-
adjacent to one another in the OFDM symbol.

17. The radio frequency (RF) transceiver of claim 16,
wherein the computation unit 1s configured to equalize the
non-adjacent data subcarriers assigned to the user terminal
using the equalization coellicients.
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